when grown in batch culture. Both types contained glucose, galactose, mannose and an unidentified 6-desoxyhexose, and were substituted with pyruvate and acetate residues. When the organism was grown in continuous culture only the non-viscous EPS was synthesized; the rate of production was 18.5 mg h-I (g biomass)-' in methanol-limited cultures and increased by approximately 3-and 4-fold when growth was limited by oxygen or nitrogen respectively. The specific activity of methanol dehydrogenase in cell extracts was relatively low when bacteria were grown under conditions of methanol excess and increased 2-fold in carbon-limited cells, reflecting the need to 'scavenge' the small amounts of available methanol. In contrast, the specific activities of several key enzymes of the ribulose monophosphate (RuMP) pathway were greater in cells grown under conditions of nitrogen or oxygen limitation than when growth was limited by the availability of carbon, indicating the potential for increased carbon flux round the cycle when excess methanol was present in the growth medium. When methylotrophs are grown under conditions of methanol excess it is important that there is a mechanism to prevent the overproduction of formaldehyde, and we suggest that these changes in EPS production and in the specific activities of the key enzymes of the RuMP cycle are necessary for the efficient removal of this toxic metabolite of methanol.
; modified by the addition of 1 mM-KCN to the assay mixture. The rates of oxygen uptake were therefore divided by two to take into account the inhibition of catalase by KCN (Carver & Jones, 1984 ).]; NAD+-linked formaldehyde dehydrogenase EC 1 .2.1.1 (Beardsmore et al., 1982) ; formate dehydrogenase EC 1.2.1 .2 (Quayle, 1966) ; 3-hexulose-6-phosphate synthase plus 3-hexulose-6-phosphate isomerase (Levering et al., 198 1 ; the spectrophotometric assay was used, modified by the omission of exogenous hexulose-6-phosphate isomerase, and by the use of potassium phosphate buffer, pH 7.2); glucose-6-phosphate dehydrogenase EC 1 . 1 . 1 .49 (Bergmeyer et al., 1974) ; NAD+-and NAD(P)+-linked 6-phosphogluconate dehydrogenases EC 1.1.1.44 (Beardsmore et al., 1982;  modified by the use of 20 mM-Tris/HCl buffer, pH 7-8, for measurement of the NAD(P)+-linked enzyme); 6-phosphogluconate dehydratase EC 4.2.1.12 plus KDPG aldolase EC 4.1 .2.14 (Wood, 1971) . Protein was measured by the method of Lowry. At least two different volumes of each extract were assayed; the variations in the specific activities measured for duplicate assays were less than 10%.
Assay of culture uariables. Total carbohydrate was assayed by the method of Dubois, cited by Herbert et al. (1971) ; 6-desoxyhexose by the method of Dische as modified by Osborn (1963) ; uronic acids by the method of Blumenkrantz & Asboe-Hansen (1973) ; and ammonia by the method of Di Georgio (1974) . The residual methanol concentration was estimated by GLC using a column of 0.2% Carbowax 1500 on 80/100 Carbopak at 70 "C. The reproducibility of the results was determined by setting up triplicate batch cultures and assaying each parameter in duplicate. All results were reproducible to within 10% of the mean. All assays were done at least in duplicate.
Characterization ofrhe EPS. The viscous EPS was diluted with 15 vols 0.9% NaCl, stirred overnight at 3 "C and then centrifuged; this procedure removed cells that had been trapped in the viscous fraction. Before analysis both types of EPS were dialysed against distilled water and lyophilized. The polymers were then hydrolysed by the method of Bryan et al. (1986) , dried in uacuo in the presence of pellets of NaOH and phosphorus pentoxide, and dissolved as a 1 % (wlv) solution in 10% (v/v) propan-2-01. The monomers present were separated by (i) twodimensional TLC using as solvents butan-2-one/acetic acid/methanol (60 : 20 : 20, by vol.) followed by ethyl acetatelpyridinelwater (120 : 50 : 40, by vol.); after drying the chromatograms were stained with 4-methoxybenzaldehyde reagent (Bryan et al., 1986) ; (ii) HPLC on a VPorasil column using a mobile phase of aqueous 90% (v/v) acetonitrile containing 2% (v/v) SAM11 reagent (Waters).
Freeze-dried EPS was also hydrolysed in 1 M -H C~ under nitrogen at 105 "C for 2.5 h. After neutralization with NaOH the organic acid (acetate, pyruvate and succinate) content of the hydrolysate was determined enzymically using commercial kits (Boehringer Mannheim).
Dry weight determinations. Samples (1.5 ml) of culture were centrifuged in an MSE Micro-Centaur for 10 min, washed in distilled water and recentrifuged. Two such pellets were transferred to thin-walled glass vials and dried at 105 "C to constant weight. The dry weight of each culture was determined in triplicate; variations in replicate samples were less than 5% of the mean.
RESULTS

EPS production in batch culture
Preliminary experiments to investigate EPS production by M . methylotrophus were done using batch cultures grown in Seed 2 medium; oxygen availability was varied by shaking replicate cultures in either non-baffled or baffled flasks. After 21 h growth all cultures contained residual methanol and NH,+ and had produced a non-viscous EPS, the concentration in the supernatant of the culture grown in baffled flasks being 96.4 & 5.0 pg ml-l (n = 3). Approximately 75% of the carbohydrate assayed in the culture supernatant was retained after dialysis, indicating an M , greater than 12000. The cultures grown in non-baffled flasks, i.e. under conditions of very poor aeration, produced 118.4 & 5.2 pg ml-l (n = 3) of the non-viscous EPS and also contained a viscous EPS, at a concentration of 84.3 & 3.5 pg ml-1 (n = 3). On centrifugation this sedimented between the cell pellet and the non-viscous fraction and comprised 10 to 15 % of the total culture volume. The exopolymers were hydrolysed and the resulting monomers separated by TLC and HPLC. Both types of EPS contained glucose, galactose and mannose, together with a fourth unknown sugar, which was neither fucose nor rhamnose. Assay of the lyophilized EPS by the method of Dische indicated that about 15% of the total assayable carbohydrate was a 6-desoxyhexose. Both types of EPS also contained acetate (0.4%) and pyruvate (0-1 %) residues but succinate and uronic acids were not detected in either.
EPS production and the speciJic activities of key enzymes of C1 metabolism in M . methylotrophus provided with various carbon :nitrogen (C : N) ratios in chemostat culture Production of EPS is often enhanced when bacteria are grown under conditions of carbon excess (see Sutherland, 1982) . To investigate whether the presence of excess methanol in the growth medium increased EPS synthesis in M . methylotrophus this organism was grown in continuous culture under conditions of oxygen excess and supplied with varying ratios of carbon (as methanol) and nitrogen (as ammonium sulphate) ( Table 1 ). At C : N molar ratios of 10.9 and below methanol was not detected in the culture supernatant, but consideration of the cell yields from methanol indicated that growth was carbon-limited only when the C : N ratio was below (1986) suggested that under such conditions the or6anism responds to a change in the ratio of the two limiting substrates by altering its cellular composition to match the nutrient limitation. A non-viscous EPS was present in all the eulture Supernatants but the viscous polymer observed in batch culture was not produced. The rate of EPS production and the yield of EPS increased about 4-fold and 2.5-fold respectively as the C : N ratio increased from below 6.2 (carbon-limited growth) to above 8.8 (nitrogen-limited growth) (Fig. 1) . Thus, as the amount of methanol supplied in the medium rose an increased amount of carbon from formaldehyde was converted to EPS rather than to cell material. The polymer had a similar composition to that produced in batch culture in that it contained glucose, galactose, mannose and an unidentified 6-desoxyhexose and was substituted with pyruvate and acetate residues.
The effect of altering the C : N ratio on the activities of key enzymes of C1 metabolism was also investigated. The specific activities of formaldehyde and formate dehydrogenases were low and these did not change consistently with growth conditions. However, the activities of other key enzymes of C1 metabolism did alter (Fig. 2) . The specific activity of methanol dehydrogenase was high in extracts of carbon-limited cells and decreased abruptly during the 'transition phase' from carbon-to nitrogen-limited growth to a minimum value at a C : N ratio of 10.9. As the C : N ratio was increased further the steady-state methanol concentration in the medium increased but the specific activity of methanol dehydrogenase remained constant. In contrast, the rate of methanol oxidation in situ and the specific activities of hexulose-6-phosphate synthase plus hexulose-dphosphate isomerase (which are involved in the initial fixation of formaldehyde), glucose-6-phosphate dehydrogenase (which is required for both the assimilatory and dissimilatory RuMP pathway to operate) and both the isoenzymes of 6-phosphogluconate dehydrogenase (which are part of the dissimilatory RuMP pathway) increased in an approximately linear fashion as the C : N ratio was increased. EPS production and the spec& activities of key enzymes of C1 metabolism during growth under oxygen limitation in chemostat culture M . methylotrophus was grown under conditions of oxygen limitation and the steady-state methanol concentration was varied between 42 and 103 mM, depending on the concentration of methanol in the input medium. The rate of EPS production was about 3-fold greater than in carbon-limited cells, and was independent of the C : N ratio ( Table 2 ). The specific activity of glucose-6-phosphate dehydrogenase was similar to that in cells whose growth was limited by carbon. The combined activity of hexulose-6-phosphate synthase plus hexulose-6-phosphate isomerase was slightly lower than that observed in carbon-limited cells while the combined activity of 6-phosphogluconate dehydratase and KDPG aldolase was more than 2-fold greater. The specific activities of methanol dehydrogenase and both the isoenzymes of 6-phosphogluconate dehydrogenase were intermediate between the values measured in carbon-and nitrogenlimited cells.
DISCUSSION
The results presented in this paper demonstrate that M . methylotrophus produces two types of EPS when grown in batch culture. Both contained glucose, galactose, mannose and an unidentified 6-desoxyhexose and were substituted with acetate and pyruvate residues, but detailed analyses were not done and they may contain different proportions of the monomers. The difference in the viscosities of the two polymers may be due to a variation in chain length and/or to different degrees of branching. Further work is required to ascertain the significance of the production of these two types of EPS in batch culture.
The non-viscous EPS was also produced when M . methylotrophus was grown in continuous culture. Under conditions of carbon limitation the cell yield was about 12 g (mol methanol)-'. This is somewhat lower than the 14.7 to 21.6 g (mol methanol)-' predicted by Anthony (1982) for methylotrophs using the KDPG aldolase/transaldolase variant of the RUMP pathway, and it appears that this strain of M . methylotrophus converts a considerable amount of carbon to EPS even when methanol is the growth-limiting nutrient. EPS was also produced when another strain of Methylophilus was grown in methanol-limited continuous culture, but the polymer had a different composition, consisting of glucose and mannose residues (Linton et al., 1986) .
When M . methylotrophus was grown in chemostat culture the rate of production of EPS was relatively high if growth was limited by nitrogen or oxygen rather than carbon, but the viscous polymer which was produced in poorly aerated batch cultures was never observed. This may have been because the high rate of stirring achieved during growth in a chemostat broke up the viscous EPS. Alternatively, it may be that conditions were not suitable for its formation, even when growth was oxygen-limited, since there are many differences between a poorly aerated batch culture and an oxygen-limited continuous culture. Production of EPS was also increased when the Methylophilus species studied by Linton et al. (1986) was grown under conditions of methanol excess.
Our results also give additional information about the regulation of some of the key enzymes of C1 metabolism in M . methylotrophus. C . W. Jones and co-workers (Greenwood & Jones, 1986; Jones et al., 1987) showed that the specific activity of methanol dehydrogenase in methanollimited cells decreased as the standing concentration of methanol in the growth medium increased and our results are consistent with this. They also demonstrated that there was no simple linear relationship between either the activity or the concentration of methanol dehydrogenase and the ability of whole cells to oxidize methanol, and their data suggested that although methanol dehydrogenase is the first enzyme involved in methanol metabolism, it is unlikely to catalyse the rate-limiting step in methanol utilization. Our results are consistent with this conclusion since the rate of utilization of methanol in situ was highest when the specific activity of methanol dehydrogenase was at a minimum (Fig. 2) . Jones et al. (1987) also demonstrated that the activities of some key enzymes of the RuMP cycle increased with increasing growth rate when the supply of carbon or oxygen limited growth. We have now shown that the specific activities of hexulose-6-phosphate synthase plus hexulose-6-phosphate isomerase, glucose-6-phosphate dehydrogenase and both isoenzymes of 6-phosphogluconate dehydrogenase increased as the C : N ratio (and hence the steady-state methanol concentration) was raised.
When methylotrophs are grown under conditions of carbon excess there must be a means of preventing accumulation of formaldehyde and maintaining a balance between the production and utilization of this toxic compound (Attwood & Quayle, 1984) . In some RuMP pathway organisms, e.g. Pseudomonas C , this may be achieved by increasing oxidation via formaldehyde and formate dehydrogenases (Samuelov & Goldberg, 1982) , but in M . methylotrophus the specific activities of these enzymes were low and did not alter with growth conditions. Although this is not necessarily an indication that there was no change in carbon flux through this oxidative pathway, the fact that there are changes in the specific activities of other key enzymes of C , metabolism suggests that the latter are more likely to be significant in the response of M . methylotrophus to these altered growth conditions. Linton et al. (1986) suggested that EPS synthesis from methanol is an efficient way of removing formaldehyde when the respiratory capacity of the cell is limited by the availability of oxygen, provided that polymer formation does not lead to the net over-production of reducing equivalents. Our data are consistent with this hypothesis and EPS production may also have a similar function when the biosynthetic capacity of the cell is limited by the availability of nitrogen. The changes we have observed in the specific activities of some of the key enzymes of C , metabolism are presumably part of the response of M . methylotrophus to the presence of excess methanol in the medium. When carbon is limited the specific activity of methanol dehydrogenase is high so that the small amount of available methanol can be scavenged efficiently; in contrast, when methanol is in excess the specific activity of methanol dehydrogenase is low, minimizing the production of excess formaldehyde . Most of this formaldehyde is removed by condensation with RuMP to form hexulose-6-phosphate. The rate of fixation of formaldehyde depends not only on the specific activity of hexulose-6-phosphate synthase (which, when measured with hexulose-6-phosphate isomerase increased 2-fold as the C : N ratio increased), but also on the availability of the C1 acceptor, RuMP. In order to regenerate this compound carbon must flow round either the assimilatory or dissimilatory RuMP cycle; in the latter case this is accompanied by the formation of NAD(P)H which is reoxidized either when it is utilized during biosynthesis or by the electron transport chain, electron transport being coupled to oxidative phosphorylation. When growth was limited by nitrogen availability an increased amount of carbon was converted into EPS rather than cell material. There is a high energy demand associated with the formation of bacterial EPS (Jarman & Pace, 1984; Linton et al., 1987) , and its production by M . methylotrophus is therefore likely to assist in the cycling of NAD+/NADH and ATP/ADP in situations when synthesis of cell material is limited by the supply of nitrogen, or when the respiratory capacity is limited by the availability of oxygen. The rate-limiting steps in the RuMP cycle are not known, but it is likely that the changes observed in the key enzymes of the assimilatory and dissimilatory pathways are necessary to achieve the required carbon flux round the cycle in these particular growth conditions (Jones et af., 1987) , and thus regenerate sufficient RuMP to allow efficient removal of formaldehyde.
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